Gene-by-gene approaches are becoming increasingly popular in bacterial genomic 17 epidemiology and outbreak detection. However, there is a lack of open-source scalable 18
software for schema definition and allele calling for these methodologies. The chewBBACA 19 suite was designed to assist users in the creation and evaluation of novel whole-genome or 20 core-genome gene-by-gene typing schemas and subsequent allele calling in bacterial strains 21 of interest. The software can run in a laptop or in high performance clusters making it useful 22
for both small laboratories and large reference centers. The chewBBACA software offers a computational solution for the creation, evaluation and 44 use of whole genome (wg) and core genome (cg) multilocus sequence typing (MLST) schemas. 45
It allows researchers to develop wg/cgMLST schemes for any bacterial species from a set of 46 genomes of interest. The alleles identified by chewBBACA correspond to potential coding 47 sequences, possibly offering insights into the correspondence between the genetic variability 48
identified and phenotypic variability. The software performs allele calling in a matter of 49 seconds to minutes per strain in a laptop but is easily scalable for the analysis of large datasets 50 of hundreds of thousands of strains using multiprocessing options. The chewBBACA software 51 thus provides an efficient and freely available open source solution for gene-by-gene 52 methods. Moreover, the ability to perform these tasks locally is desirable when the 53 submission of raw data to a central repository or web services is hindered by data protection 54 policies or ethical or legal concerns. 55 56 57
Read mapping approaches using Single Nucleotide Polymorphisms (SNP)/Single Nucleotide 60
Variants (SNV) have been widely used for studying bacterial genomes [1] . However, gene-by-61 gene (GbG) approaches have also been advocated in the context of genomic epidemiology as 62 an expansion of Multilocus Sequence Typing (MLST) [2] allowing portability, scalability, and 63 independence from a defined reference strain. For these reasons, GbG increasingly gains 64 popularity and has been adopted by PulseNet International as the method for bacterial strain 65 discrimination using high throughput sequencing [3] . GbG relies on comparing the draft 66 genome of a strain of interest against a pre-defined schema, typically using a BLAST [4] based 67
approach. This schema can be composed of core loci, which are present in all or the great 68 majority (e.g. 95%) of the analyzed strains (core genome MLST schemas or cgMLST), or 69
including all loci detected in the strains of interest. The latter are referred to as whole genome 70 or pan genome MLST schemas (wgMLST or pgMLST).
71
A locus in a schema can be a complete coding sequence (CDS) or a subsequence of it, as in 72 traditional MLST. Defining a locus as a CDS, allows linking the variability found to potential 73 changes in proteins and thus, with phenotype. This comparison is a two-step process. Firstly, all the CDSs having identical sequence of other 113
CDSs but being smaller in length are removed and the larger CDS is kept. At the same time, 114
the algorithm also removes all CDSs with a length less than indicated in the "-l" parameter. In 115 the second step, the remaining CDSs are clustered in unique loci by performing an all-against-116
all BLASTP search and calculating the Blast Score Ratio (BSR) [12] . CDSs with a BSR pairwise 117 comparison equal or greater than 0.6 are considered alleles of the same locus and the larger 118 allele (in bp) is kept in the list. This procedure defines the schema as a set of CDSs, each 119
representing the largest single allele of distinct loci. The Allele Calling module is then used to 120 populate the schema with alleles using the same genomes used for its creation. This step 121 allows the identification and exclusion of possibly paralogous loci. The Allele Calling algorithm 122 detects if a CDS in the genome under analysis matches more than one locus in the schema, 123
indicating that those loci can be paralogous. The Allele Calling module outputs a list of such 124 loci to be removed from the wgMLST schema or to be further investigated. From the created 125
wgMLST schema, cgMLST schemas can be defined by selecting the loci that are present in a 126 predetermined percentage of the analysed strains, typically 95%-99%. 127 128
Allele calling Algorithm 129
The Allele Calling algorithm is based on CDSs identified by Prodigal [11] with similarity 130 determined using a BLASTP BSR approach, allowing the detection of alleles with divergent 131 DNA sequences but similar encoded proteins. This allows the identification of alleles that 132 would be considered absent loci with BLASTN, while retaining the full diversity found at the 133 DNA sequence level. The algorithm is defined as presented in Fig. 2 against the BLASTP database. The BSR is calculated for each hit and based on these results 142 and a size validation step, the locus is either considered not found (tagged as LNF -Locus Not 143
Found) or a new allele of the locus is inferred. The size validation step excludes alleles larger 144 than or smaller than 20% of the locus allele length mode (Defined as ASM -Alleles Smaller 145
than Mode or ALM -Alleles Larger than Mode) (Fig.3a) . Furthermore, the identification of loci 146 as duplicated in the genome of interest is also reported. Such matches are identified as Non-147
Informative Paralogous Hits (NIPH), if at least two CDSs have best matches with alleles of the 148 same locus but presenting less than 100% identity, or NIPHEM -NIPH Exact Match if 100% 149 identity to existing alleles is detected (Fig. 3b) . Futhermore, the algorithm detects whether 150 the CDS match is close to the 5' or 3' ends of a contig and a larger allele that contains the 151 matched sequence would exceed the contig length. Such sequences are tagged as Possible 152
Locus On the Tip (PLOT) (Fig. 3c ). Finally, the Allele Calling module identifies possible 153 paralogous (as described above) checking if there are CDS matching alleles in two or more 154 different loci (Fig. 3d Core™ i5-7200U @ 2.50GHz x 4 CPUs, 8Gb RAM and a NVMe SSD storage; and a laptop with 177
Intel® Core™ i7-3630QM @ 2.40GHz × 8 CPUs, 8Gb RAM and a SATA2 HDD storage. Allele 178 calling was conducted for 100 S. agalactiae assemblies in the HPC cluster using 2 to 40 CPUs, 179
and for a subset of 50 assemblies in both laptops using 2 and 4 CPUs (Fig 4) 
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